The r e d gene of the purple non-sulfur bacterium Rhodopseudomonas palustris no. 7 was isolated by a PCR-based method and sequenced. The complete nucleotide sequence consists of 1089 bp encoding a polypeptide of 363 amino acids which is most closely related to the RecA proteins from species of Rhizobiaceae and Rhodospirillaceae. A recA-def icient strain of R. palustris no. 7 was obtained by gene replacement. As expected, this strain exhibited increased sensitivity to DNA-damaging agents. Transcriptional fusions of the recA promoter region to lacZ confirmed that the R. palustris no. 7 recA gene is inducible by DNA damage. Primer extension analysis of recA mRNA located the recA gene transcriptional start. A sequential deletion of the fusion plasmid was used to delimit the promoter region of the recA gene. A gel mobility shift assay demonstrated that a DNA-protein complex is formed a t this promoter region. This DNA-protein complex was not formed when protein extracts from cells treated with DNA-damaging agents were used, indicating that the binding protein is a repressor. Comparison of the minimal R. palustris no. 7 recA promoter region with the recA promoter sequences from other a-Proteobacteria revealed the presence of the conserved sequence GAACA-N,-G(A/T)AC. Site-directed mutations that changed this consensus sequence abolished the DNA-damage-mediated expression of the R. palustris recA gene, confirming that this sequence is the 505 box of R. palustris and probably plays the same role in other a-Proteobacteria.
INTRODUCTION
Rhodopseudomonas palustris no. 7 belongs to the group of purple non-sulfur bacteria which can grow either phototrophically under anaerobic conditions or chemotrophically under aerobic conditions. R. palustris no. 7 is of potential biotechnological interest because of its ability to produce hydrogen at a high rate using alcohol as carbon source (Fujii et al., 1983) . Several genes encoding enzymes involved in key metabolic pathways have already been characterized (Inui et al., 1997) .
Amplification of such genes on plasmid vectors would enable genetic engineering of strains of biotechnological pathway for the SOS response is well documented in Escherichia coli, little is known about the molecular mechanisms of SOS response in other Gram-negative bacteria. Purple non-sulfur bacteria together with Rhizobiaceae belong to the a-Proteobacteria. All xproteobacterial recA genes so far isolated are intraspecifically inducible by DNA-damaging agents (Riera et al., 1994) . However, none of them are induced in E. coli (Riera et al., 1994) . Accordingly, no E. coli-like LexA binding site upstream of the coding regions of these genes has been identified. These data suggest that different regulatory sequences are involved in the regulation of the expression of the recA genes of xProteobacteria.
Here we describe the analysis of the recA gene of R. palustris, the construction of a recA mutant, and the regulation of the recA gene in this strain.
METHODS
Bacterial strains, plasmids and growth conditions. Strains and plasmids used in this study are listed in Table 1 . Plasmid pGP704 is an R6K-based suicide delivery plasmid that is only maintained in bacteria producing the TI protein encoded by the pir gene. It also carries the conjugal transfer origin of the RP4 plasmid and therefore can be transferred in a broad range of Gram-negative bacteria when provided in trans with mobilization functions (Miller & Mekalanos, 1988) . Plasmid pMG102 is an E. coli-R. palustris no. 7 shuttle vector (M. Inui and others, unpublished data). E. coli strains were routinely grown in LB medium (Miller, 1982) . R. palustris no. 7 was cultivated aerobically at 30 "C in van Niel's medium (van Niel, 1944) . Its sensitivity to commonly used antibiotics was evaluated by plating early-stationary-phase cells from aerobic culture on plates of van Niel's medium containing increasing levels of antibiotic. When appropriate, antibiotics were added to the media in the following amounts: for R. palustris no. 7 , kanamycin was used at a final concentration of 200 pg ml-l for agar medium or 50 pg ml-' in liquid medium; for E. coli, ampicillin and kanamycin were used at a final concentration of 50 pg m1-I.
DNA techniques. Standard methods were used for Southern, lambda plaque and colony hybridizations (Sambrook et al., 1989) . Restriction endonucleases and other commercially available enzymes were employed as recommended by the manufacturers. Sequencing was performed using the dideoxynucleotide chain-termination method and a PRISMReady Reaction Dye Cycle Sequencing kit (Applied Biosystems) with fluorescently labelled M13 and RP1 primers on an Applied Biosystems 373A automated DNA sequencer. Plasmid template DNA was linearized prior to reaction and 10% DMSO was added to the sequencing reaction mixture in order to improve resolution in read-out of the highly GC-rich Rhodopseudomonas DNA. DNA sequence data were analysed Plasmids  puc119  pUC4-K  pGP704  pMC1871  pMG102  pMG302  pMG307  pMG308  pMG3 10  pMG318  pMG3 19  pMG320  pMG315  pMG314  pMG316  pMG321  pMG322  pMG325  pMG326 Wild (see Fig. 1 ). Synthetic oligonucleotides used to generate deletions, mutations or probes for gel mobility shift experiments are listed in Table 2 . Amplification reactions were performed in a thermocycler for 30 cycles (1 min at 94 "C for denaturation, 1 min at 37 "C for primer annealing and 2 min at 72 "C for strand synthesis). DMSO (5 %) was added to the PCR reaction mixture to improve denaturation of the GC-rich DNA template.
Transformation of R. palustris no. 7. When using derivatives of shuttle vector pMG102, R. palustris cells were transformed by electroporation according to Donohue & Kaplan (1992) . Plasmid pMG307 was mobilized in conjugation experiments with I:. iofi SMlO(1pir) as the donor and R. palustris no. 7 as the recipient, as previously reported (Inui et af., 1997). Transconjugants were selected on van Niel's plates supplemented with kanamycin and streptomycin. Streptomycin was used for counterselection of E. cofi donor cells as R. palustris no. 7 M:;IS resistant to this antibiotic.
Determination of sensitivity to DNA-damaging agents. R. pafustris no. 7 was cultured on van Niel's medium and diluted to a final OD,,, of 0.5 in 0.9 70 NaCI. The cell suspension was diluted lO"-fold and 200 pl of the diluted suspension plated on van Niel's medium. Plates were exposed to a UV lamp (TDM-20, 302 nm UV lamp; Ultraviolet Products) at a distance of 5 cm for various periods of time as indicated in Fig. 2 . After irradiation, plates were incubated for 6 d in the dark at 30 "C. For testing sensitivity to methyl methane sulfonate (MMS), cells were plated on plates containing various amounts of the DNA-damaging agent as indicated in Fig. 2 .
Primer extension analysis. Total cellular RNA was isolated from R . pafustris no. 7 grown aerobically to mid-exponential phase by the hot phenol method as described by Wilkinson (1991) . The resulting RNA pellet was dissolved in diethylpyrocarbonate-treated water and stored at -80 "C. The concentration of RNA was determined spectrophotometrically. The sequence of the oligonucleotide used as primer for primer extension experiments is 5'-AGAGCGCCTTG-GATTTGTCC-3 '. The primer hybridizes to nucleotides + 679 to + 688 relative to the translational starting site. This primer was end-labelled with [)J-'~~P]ATP and T4 polynucleotide kinase. Primer extension analysis was carried out as previously described (Inui et af., 1997) . A sequencing reaction with the same primer and pMG302 as template was run in parallel on a denaturing 6 % polyacrylamide gel as a reference for determining the end-point of the extension product. Autoradiography was performed using a Fujix BAS2000 Image Analyzer System (Fuji). Construction of r e d : : lacZ fusion plasmids. A fusion of recA with lac2 was constructed by inserting the 950 bp XmnIHincII fragment at the SmaI site of pMC1871 (Casadaban et al., 1983) . The 4 kb SalI fragment containing the gene fusion was then cloned into the SalI site on shuttle vector pMG102, yielding plasmid pMG308. 5' deletions of the recA promoter region were generated by PCR to produce plasmids pMG318, pMG319 and pMG320. Mutations were introduced into the sequences of the 5' primers PX18, PX19 and PX20 (Table 2) to create XbaI restriction sites, used for construction of pMG318, pMG319 and pMG320, respectively. The 3' primer was PN (Table 2) , which includes a NcoI site present within the R. pafustris no. 7 recA gepe. The XbaIINcoI-digested PCR fragments were cloned into pMG308 in place of the original 950 bp Xbal-NcoI fragment. Site-directed mutations in the recA promoter region were generated by a multi-step PCR mutagenesis as described by Higuchi et a f . (1988) . T w o overlapping fragments were synthesized in separate amplifications using plasmid pMG302 as template. The 3' fragment was amplified with the flanking primer PN and mutagenic primers PM14, PM15, PM16, PM25 and PM26 ( 
spectively. The complementary mutagenic oligonucleotides were used with flanking primer PX18 in a separate PCR to generate the 5' fragment. Both fragments were combined in a subsequent PCR step using the external primers PX18 and PN.
The fusion product was digested with XbaI/NcoI and cloned into pMG308. Four independent clones for each mutation were verified by sequencing of the double-stranded DNA. An unexpected second-site mutation was found for only one fusion product between fragments 5' PX18-PM14 and 3' PM14-PN. The second-site mutation consisted of a G to A change at position -38, within the -35 element of the putative E. cofi-type a ' '
promoter. This double mutant, referred to as pMG322, was kept for further expression analysis. Double mutant pMG321 was constructed by replacing the XbaI-NheI fragment from pMG315 by a XbaI-NheI PCR product generated in a PCR reaction using primers PX18 and PM15 with pMG322 as template.
Assay of p-galactosidase activity. p-Galactosidase assays were performed as described by Miller (1982) . The cells were harvested at different time intervals and permeabilized with toluene. The recA promoter was induced by addition of mitoniycin C (10 pg ml-l).
Gel mobility shift assay. R. palustris cells grown aerobically in van Niel's medium were harvested by centrifugation in the middle of the exponential growth phase. Cells were washed once in PEP buffer (50 mM sodium phosphate buffer p H 7, 0.5 mM EDTA, 0.5 mM PMSF), resuspended in the same buffer and disrupted by sonication. The supernatant obtained after centrifugation for 10 min at 14000 r.p.m. was centrifuged in a Hitachi type 50 rotor for 30min at 40000 r.p.m. in a Hitachi type c( ultracentrifuge.
The 145 bp and 62 bp probes used for mobility shift assays were synthesized by PCR amplification with [y-32P]ATP endlabelled primers GR1 and ST, and GR2 and ST (Table 2) , respectively. The PCR fragments were separated by electrophoresis in a native polyacrylamide gel (5 "/o). Labelled bands were cut out and the DNA was recovered by electroelution.
Radiolabelled DNA fragments (4 fmol) were incubated with the indicated amount of protein extract (Fig. 5 ) from R. palustris no. 7 in 20 pl binding buffer (10 mM HEPES/NaOH pH7.5, 5 0 m M NaCl, 1 mM EDTA, 1 mM DTT, 1 pg BSA pl-', 10 ng poly(d1-dC) pl-', l o % , v/v, glycerol) for 20 min at room temperature. Samples were electrophoresed for 2 h on a 5 O/ O acrylamide/O*13 bisacrylamide (w/v) gel at a constant voltage of 130V. Gel and running buffers were 22.5 mM Tris base, 22-5 mM boric acid and 0.5 m M EDTA. The gel was dried and radioactivity detected by a radioisotope imaging system (Fujix BAS2000 Image Analyzer System, Fuji).
RESULTS AND DISCUSSION
Cloning strategy for the r e d gene from R. palustris no. 7
A PCR-based approach was used (Duwat et al., 1992) . Alignment of protein sequences of previously characterized recA genes reveals highly conserved stretches which provide a basis for the design of degenerate oligonucleotide primers. The forward primer P1 corresponded to the conserved RecA sequence FIDAEHA located at positions 92-98 of the E. coli RecA. The reverse primer P2 corresponded to the reverse sequence PETTTGG between residues 206 and 212. When used in a PCR reaction with R. palustris no. 7 chromosome as template, these primers generated a 350 bp PCR product whose sequence showed high similarities to recA sequences of other bacteria. Using the cloned PCR recA fragment as a probe in a Southern hybridization of R. palustris no. 7 chromosomal DNA located the recA gene within a 1.9 kb BamHI DNA fragment. In order to obtain the full-length recA gene, the same probe was used to screen a AFixII library of R. palustris no. 7 chromosomal DNA. The hybridizing 1.9 kb BamHI fragment was subcloned from a recombinant phage into pUC119 and its sequence was determined on both strands.
Nucleotide sequence and its analysis
The complete nucleotide sequence and the deduced amino acid sequence are shown in Fig. 1 . The high GC content (64-7 mol % ) of the region sequenced was in agreement with the DNA composition described for this genus of Gram-negative bacteria. Sequence analysis revealed the existence of a large ORF with two possible start codons, at positions 625 and 666 (Fig. 1) . Based upon comparison with the most closely related RecA proteins [those from Rhisobium phaseoli (Michiels et al., 1991) , Rhixobium (Sinorhizobium) meliloti (Selbitschka et al., 1991) and Agrobacterium tumefaciens (Wardhan et al., 1992) ] the ATG codon at position 625 ( 7 n t downstream of a putative ShineDalgarno sequence) is the most probable translational start codon. We assume that the recA gene of R. palustris no. 7 therefore consists of 1089 nt, encoding 363 amino acids. A sequence which shows strong homology to the consensus of an E. coli a" promoter (Hawley & McClure, 1983 ) is located 95 nt upstream of the ORF. At position 323-349 upstream of the R. palustris no. 7 recA coding region, the sequence CTG-N,,-CAG occurs, which resembles a canonical E. coli SOS box, known to bind the LexA regulatory protein (Walker, 1984) . The deduced amino acid sequence displayed the closest similarity with the RecA proteins of R. (S.) meliloti (82% identity) and A. tumefaciens (79% identity). It showed 75% and 74% identity with Rhodobacter capsulatus (Fernandez de Henestrosa et al., 1995) and Rhodobacter sphaeroides (Calero et al., 1994) RecA proteins, respectively. These comparisons reflect the taxonomic position of R. palustris no. 7 within the aProteobacteria. Alignment of the deduced amino acid sequences revealed that amino acid residues associated with functional activities in E. coli RecA protein (Kawashima et al., 1984) However, the carboxy-terminal regions of the RecA proteins of R. palustris no. 7, R. (S.) meliloti and A.
tumefuciens share a high degree of homology.
Construction and characterization of a r e d derivative of R. palustris no. 7
The 1.9 kb BamHI fragment of R. palustris no. 7 DNA carrying the recA gene was cloned, after blunting, into the SalI site of the mobilizable plasmid pGP704 (Miller & Mekalanos, 1988) . Subsequently, the centrally located SalI fragment present within the 1.9 kb BamHI insert was replaced by a kanamycin-resistance cassette to create plasmid pMG307. The reintroduction of the in vitro-inactivated recA gene was performed by conjugation between E. coli SMlO(;lpir) containing pMG307 and R. palustris no. 7, using a plate mating technique (Inui et al., 1997) . Kanamycin-resistant colonies arose at a mean frequency of 1-5 x lop5, estimated as the ratio of recipient cells that had received the kanamycin marker to the total number of recipients. N o plasmid could be detected as stable minichromosome element in 10 transconjugants tested, indicating that pMG307 was unable to replicate in R. palustris no. 7. The antibioticresistance marker gene was integrated into the chromosome as a result of recombination between vector and chromosomal homologous DNA following either a single crossover or a double crossover event. In order to discriminate between the two events, colony hybridization analysis was carried out using a pGP704 DNA fragment as probe. Colonies that did not give a hybridization signal were the result of a gene replacement event. Three clones out of 140 were isolated using this procedure. Disruption of the recA gene was confirmed by Southern hybridization experiments with a recA gene probe (data not shown).
The sensitivity of the recA-deficient strain to DNAdamaging agents was determined. The recA mutant exhibited increased UV sensitivity compared to the wildtype strain (Fig. 2a) . The recA strain was also sensitive to MMS: at 0.02 % MMS, there were fewer than 1 % recA survivors whereas there was 100°/o survival of the wild-type cells (Fig. 2b) . The increased sensitivity to DNA-damaging agents of the recA-deficient strain compared to the wild-type R. palustris no. 7 clearly suggests a role for RecA in DNA repair of R. palustris no. 7.
Induction of r e d transcription by DNA-damaging agents
T o analyse the expression of R. palustris no. 7 recA, a fusion that placed the lacZ reporter gene under control of both transcriptional and translational signals of the recA gene was constructed in shuttle vector pMG102 (see Methods and Fig. 3a) . The resulting plasmid, pMG308, enabled us to study recA gene expression in both R. palustris no. 7 and E. coli host strains. Plasmid pMG308 was introduced into R. palustris no. 7
by electroporation. When this strain was grown on agar medium containing X-Gal, blue colonies developed. By contrast, wild-type R. palustris no. 7, as well as K . palustris no. 7 containing pMG102, grew as red colonies on this medium. Quantitative assays showed that no Bgalactosidase activity was detectable in the latter two strains. R. palustris no. 7 harbouring pMG308 had a constant P-galactosidase activity of about 800 Miller units, throughout the exponential growth phase (Fig.   3b) . Moreover, the p-galactosidase activity sharply increased upon addition of mitomycin C to the medium (Fig. 3b ). These results demonstrate that the recA gene of R. palustris no. 7 is inducible by DNA damage.
When transformed into E. coli JM109 (recA) or JM83 (recA'), pMG308 gave blue clones, indicating that the R. palustris no. 7 recA promoter may be functional in E .
coli. This was further confirmed by a p-galactosidase assay. While no p-galactosidase activity could be measured in strains harbouring pMG102 as a control, the basal level of p-galactosidase activity in JM109 and JM83 harbouring pMG308 was about 2000 Miller units (Fig. 3b) . The activity of the promoter in E. coli might be explained by the presence of a7'-like promoter elements in the vicinity of the R. palustris no. 7 recA promoter. Addition of mitomycin C to the medium did not induce the R. palustris no. 7 recA promoter in any of the E. coli strains. The putative E. coli-like SOS box is therefore not functional in E. coli. The inability of the E. coli LexA repressor to bind the recA promoter results in constitutive expression that is unaffected by treatment with DNA-damaging agents. Similar data have been reported
by Riera et al. (1994) for the R. (S.) meliloti recA gene.
Although an E . coli-like SOS box is found 193 nt upstream of the coding region (Selbitschka et al., 1991) , the R. meliloti recA gene is not inducible in E. coli.
Localization of r e d promoter/operator sequences
The 5' end-point of the recA mRNA was mapped by primer extension using RNA templates isolated from uninduced cells or cells treated with mitomycin C. In both cases, the 5' end-point of the recA mRNA occurred at a cytosine residue located 55 nt upstream of the putative translation start codon of the recA gene (Fig. 4) . The amount of transcript initiated at this start-point was drastically increased upon treatment by mitomycin C. The E. coli-type 07'-like promoter sequences are located at -15 and -40 with respect to the transcriptional start site.
To further define the extent of the sequences necessary for expression of R. palustris no. 7 recA, progressive deletions at the 5' end of the recA-lacZ fusion were generated by PCR (see Methods and Fig. 3a) . pGalactosidase activity was measured in the absence and in the presence of mitomycin C (Fig. 3c) . Deletions made from the 5' side to -145 in pMG318 maintained agalactosidase levels comparable to those obtained with pMG318, under both uninduced and induced conditions. The 145 bp of DNA upstream of the transcription start site contained in pMG318 was sufficient to confer the same regulation of pgalactosidase activity as observed for the 537 bp DNA fragment contained in pMG308. The LexA-like binding site located at position -247 with respect to the transcriptional start site is therefore dispensable for induction of the R. palustris no. 7 recA gene by mitomycin C. Deletion up to nucleotide -41 in pMG319 maintained the fivefold induction factor in the presence of mitomycin C. However, the basal level of p- ~ ~~ of the rr"'-like promoter sequence. Promoter activity was eliminated by deletion up to +29 (pMG320). From this set of data, we conclude that the information necessary for R. palustris no. 7 recA gene expression and regulation hy DNA-damaging agents is contained between positions -145 and +29.
Protein binding to the promoter region of R. palustris no. 7 recA
Gel retiirdation experiments were carried out to test whether the promoter region of the R. palustris no. 7 recA gene binds a regulatory protein. Two DNA fragments corresponding to nucleotides -145 to -1 and -62 to -1, respectively, were synthesized by PCR and used in a gel retardation assay with protein extracts from R. palustris no. 7. As shown in Fig. 5(a) , lanes 2-4, and S(b), lanes 2 and 3, incubation with cell extract caused a shift in the mobility of both DNA fragments.
To determine the chemical nature of the molecule binding to the DNA fragment, the crude extract was treated with heat, RNase or proteinase K prior to incubation with the larger DNA probe. RNase had no effect on the gel shift (Fig. 5a , lane 9) whereas heat treatment and proteinase K completely eliminated the mobility shift (Fig. 5a , lanes 8 and 10, respectively). We therefore assume that the shift results from interaction of the recA promoter DNA sequence with one (or more) polypeptide(s). The specificity of the binding was demonstrated by competition experiments. The unlabelled DNA probe was added in a SO-fold molar excess to the reaction mixture. As seen in Fig. 5 ( a) , lane 11, addition of non-labelled homologous DNA reduced the amount of radioactive DNA that was shifted. Finally, the mobility shift of the probe was not observed when using a protein extract obtained from mitomycin C-induced cells (Fig. Sa, lanes 5 to 7) . This result strongly argues in favour of the binding of a repressor to the recA promoter region. 
Comparison of recA promoter sequences from various a-Proteobacteria
Data from gel retardation experiments clearly indicated that the promoter region between nucleotides -61 and + 1 was the target for the binding of a putative repressor.
With the aim of identifying the targeted sequence, we carefully compared the sequence of the recA promoter region from R. palustris no. 7 with the sequences of recA promoter regions from other a-Proteobacteria. As shown in Fig. 6(a) , the consensus sequence GAACA-N,-G(A/T)AC is present within all of the a-proteobacterial recA promoter regions examined. Two consensus sequences are present in direct repeat in the promoter regions of both Rhizobiaceae and R. palustris no. 7 recA, whereas they occur inverted with respect to each other in the recA promoter region from Rhodobacter species (Fig. 6b) . Within the R. palustris no. 7 recA promoter, the two consensus sequences are located at nucleotides -47 to -33 and -29 to -15, therefore overlapping the E. coli-type 0 " ' promoter elements. The binding of a protein at these positions would interfere with the initiation of transcription by RNA polymerase, as expected for a repressor.
Deletion experiments reported above showed that deletion up to nucleotide -41 in pMG319 maintained the fivefold induction factor in the presence of mitomycin C. Therefore, the 5' half (GAACA) of the consensus located between positions -47 and -33 is unlikely to be involved in mitomycin-C-mediated induction of the recA gene. We then performed site-specific mutagenesis of the second consensus sequence lying between nucleotides -29 and -15. Three mutations, G A A C A j G T A C T in pMG314, AGAACAjCTAGCA in pMG315 and GAACAjGAATA in pMG326, were generated in the 5' half of the consensus and analysed for their effects on recA-lacZ fusion expression (Fig. 7a, b) . All three mutations significantly enhanced the basal level of p-galactosidase activity as compared to the wildtype fusion in pMG318. Consequently, the induction factor obtained with these mutants was lower than that obtained with the wild-type fusion (1.3 for pMG315 and pMG326 versus 5 for pMG308). Mutagenesis of this GAACA motif leads to an almost constitutive expression of R. palustris no. 7 recA, confirming the binding of a repressor at the level of the R. palustris no. 7 recA promoter, as previously shown in gel mobility shift assays.
During construction of mutant pMG314, we obtained a spontaneous second-site mutation within the -35 promoter element. As shown in Fig. 7(b) , this secondsite mutation (in pMG322) drastically reduced basal Bgalactosidase levels and completely abolished induction by mitomycin C. The same mutation was introduced into pMG315. The double mutant thus obtained (pMG321) also showed a drop in P-galactosidase production.
Attempts to obtain any single mutation within the -35 element of the recA promoter were unsuccessful due to 
